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Photobleaching was studied during recording of confocal scanning laser microscopy. Studies on 
fluorescent gels of FITC-labeled dextran were used to evaluate differential bleaching along the z- 
axis. Differential bleaching along the z-axis was observed and it was seen that this was related to 
the numerical aperture of the objective in use. This points to the conclusion that photon energy 
flux density is an important parameter in photobleaching. To check if photon energy flux density 
heterogeneity is affected by local variation in the refractive index of the sample, photobleaching 
rates were calculated for different fluorescent objects (sections of seeds, animal cells stained with 
nuclear stains, immunocytochemistry preparations) and a pronounced similarity was found between 
photobleaching rates and DIC images. 
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INTRODUCTION 

Photobleaching is defined as the irreversible dis- 
appearance of the fluorescence intensity of  a fluoro- 
chrome through irradiation. This phenomenon can be 
followed as a function of time and is frequently sup- 
posed to be a first-order kinetic at least during an initial 
state.O~.3~ The information obtained from photobleaching 
is different from the fluorescence lifetime, which de- 
scribes the time a fluorochrome is present in an excited 
state.C4~ While fluorescence lifetime is based on a revers- 
ible phenomenon and gives an estimate of  equilibrium 
constants between different excited states and the ground 
state of the fluorochrome, photobleaching is the result 
of an alternative pathway of  the fluorochrome to part 
with the absorbed energy. It can be supposed that not 
every excited state of  a single fluorockrome has the same 
photobleaching rate and therefore the observed photo- 
bleaching rate will be dependent on the concentration 
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equilibrium between different excited states, which re- 
sult in a deviation of  simple first-order bleaching kinet- 
ics.") Discussing photobleaching in terms of energy, we 
have to define the following concepts: the energy pass- 
ing through a point or photon energy flux density, with 
dimension J �9 m -2 �9 s- ';  the photon energy fluence (J �9 
m-0;  photon fluence (photons'm-2); and photon flux 
density (photons.m -2 �9 s-~). As the equilibrium between 
excited- and ground-state molecules is determined by the 
photon energy flux density and the fluorescence lifetime 
of  these different states, photobleaching will be changed 
according to the concentration of  the different states and 
their photostability. In this way images can be calculated 
plotting photobleaching kinetics in a similar way as im- 
ages of fluorescence lifetime. 

More complex photobleaching can be expected if 
intermolecular reactions are involved. In this case, de- 
viation from first-order kinetics can be expected, and if 
which molecules participate in the intermolecular reac- 
tions accompanying photodestruction can be tested, we 
may expect that photobleaching as well as fluorescence 
lifetime imaging will give valuable information on the 
physical and chemical environment of  the fluoro- 
chrome, c5) The photodestruction or photobleaching, how- 
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ever, will be more complex, as it can be expected to 
depend on the light intensity and fluorochrome concen- 
tration, and it will be more difficult to set up experiments 
with appropriate internal standards. 

If quantitative fluorescence intensity evaluation is 
aimed in a confoeal scanning laser microscope, knowl- 
edge of the photobleaching rate is necessary to correct 
for the loss of fluorescence intensity occurring during 
scanning of the object before the recording of the fluo- 
rescence is realized. This problem of photobleaching 
correction has been discussed by R.igaut and Vassy,<O 
and was solved rather pragmatically by supposing a ho- 
mogeneous bleaching over the whole preparation, with- 
out taking small or large heterogeneities into 
consideration. The approach proposed by Ptgaut and 
Vassy, co furthermore, is not applicable if the distribution 
of fluorescent objects in the sampled volume is not ran- 
dom. 

A main factor affecting photobleaching is the in- 
tensity of the excitation light, and therefore if photo- 
bleaching images are calculated, the even excitation of 
the object is a prerequisite. If the laser intensity is stable 
and if scanning rates are constant, we may suppose that 
all voxels in the object receive the same amount of light 
during recording of 3D eonfocal images. Voxels outside 
the detected images plane, although not visualized at that 
time, receive the same amount of light as imaged voxels 
and therefore will show proportional photobleaching. It 
is supposed that out-of-focus points, situated farther 
away from the focal plane, receive a lower intensity than 
points at the tip of the illumination cone, but due to the 
fact that they are irradiated for a longer period of time, 
they finally will receive the same amount of energy. 
However, recentlY) results indicate that photobleaehing 
cannot be described by first-order reactions alone but is 
also determined by intra- and intermoleeular reactions 
with different rate constants. Under more or less satu- 
rating conditions fast and slow conversions occur, re- 
suiting in changed steady-state concentrations of the 
fluoroehrome, which is not a simple first-order reaction 
and therefore one can postulate that photobleachihg is 
dependent not only on photon energy fluenee but also 
on photon energy flux density. A point at the focal plane, 
which receives all its excitation energy in a much shorter 
time period, can display different photobleaching than 
an equivalent point outside the focal plane, which re- 
ceives its excitation energy spread out over a longer pe- 
riodY o 

On the other hand, heterogeneous excitation can oc- 
cur if differences in refractive index in the object are 
present. Refractive index differences will cause lens-like 

effects and concentrate or diverge the excitation cone. 
This will cause increased or decreased excitation but is 
not necessarily detected as changes in emission intensi- 
ties. For epiillumination fluorescence emission follows 
exactly the same path as excitation but in the inverse 
way. A positive lens converging the excitation intensity 
at the focal plane will diverge the emission intensity in 
a proportional way. Therefore an increased excitation 
will then be compensated by decreased fluorescence due 
to the same lens effect acting in the inverse way. How- 
ever, photobleaching rates, which are dependent only on 
the excitation intensity will be affected by these differ- 
ences in refractive index. 

In this paper we present results of photobleaching 
experiments on different objects and show the effect of 
different heterogeneities in the object which will affect 
the photobleaching rate. We will try to use this infor- 
mation to gather further valuable information of the ob- 
ject. 

MATERIALS AND METHODS 

Fluorescent gels were prepared by dissolving 0.4 
mg/rnl FITC-labeled dextran (MW >2 MDa) in PBS 
(phosphate-buffered saline; 0.15 M NaC1, 0.012 M phos- 
phate buffer, pH 6.8) solidified with 2% agarose and 
poured in a petri dish. Part of the solidified gel was cut 
out and mounted with its flat side on a coverglass. 

Samples of paraffm-embedded material were sec- 
tioned at 20 ~rn and stained with para~saniline-Schiff 
(0.5%) according to standard procedures ts) and mounted 
in Fluormount (Gurr, Essex, UK) with a refractive index 
of 1.5. 

Animal cell cultures were stained with FITC-la- 
beled antibodies to the cytoplasmic components and 
mounted in Vectashield (Vector Laboratories) or in glyc- 
erol/DABCO-containing propidium iodide (0.5 Ixg/mi). 

Confocal Fluorescence Microscopy and Image 
Processing 

The Bio-Rad UVMRC-600 confocal scanning laser 
microscope (CSLM) system was used. This instrument 
is equipped with two laser sources, a krypton-argon la- 
ser and a high-intensity argon-ion laser and two detec- 
tion channels. The laser scanning system was mounted 
on a Nikon (Diaphot 300) inverted microscope. Differ- 
ential interference contrast images were recorded by col- 
leering the transmitted laser light and guiding it by an 
optical fiber to the second detection channel. The blue 
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high-sensitivity (BHS) narrow-band excitation filter 
from Bio- Rad was used for excitation with the 488 nm 
Ar*-ion line. The krypton-argon laser in combination 
with the specific filters (K1 and K2) was used to observe 
FITC/propidium iodide signals or the pararosaniline 
Feulgen-stained sections. An Olympus S-plan Apo 60• 
oil-immersion objective lens (60x) with a numerical ap- 
erture of 1.4 or a Nikon Fluor 40 • NA 1.3--0.8 was 
used. 

Bleaching times of 2 to 3 min were obtained by 
recording 12 to 24 images which are the mean of 10 to 
30 frames. The FITC---dextran gels were analyzed with 
the 488 line of the Ar*-ion laser confocal microscope 
(Bio-Rad UVMRC600) and photobleaching was re- 
corded with the COMOS image acquisition software. 
Image processing was done with semper6.plus. 

RESULTS 

The Effect of the Numerical Aperture on 
Photobleaching Along the z Axis 

During scanning in a confocal microscope the fo- 
cused voxel will receive an equal amount of energy as 
out-of-focus voxels. The difference between focused 
voxels and out-of-focus voxels is the photon flux den- 
sity, which is maximal for voxels situated in the focal 
plane. Out-of-focus voxels receive the same integrated 
excitation energy but at a lower photon flux density. 
During scanning, an in-focus voxel is excited by short, 
high-intensity light pulses. If the voxel moves out of 
focus, the photon energy fluence decreases but the pulse 
length increases proportionally. The result is that every 
voxel receives the same amount of integrated energy ir- 
respective of whether it is focused or not, if we neglect 
the effects at the border. I f  photobleaching in a laser 
scanning confocal microscope is dependent of the pho- 
ton energy flux density, we can look at the photobleach- 
ing in a homogeneous stained gels of FITC-labeled 
dextran and change the width of the excitation cone by 
altering the numerical aperture of the objective. At high 
numerical apertures, the excitation light cone is more 
obtuse and the photon energy flux density changes along 
the optical axis are more pronounced. Reducing the ap- 
erture of the objective will change the shape of the ex- 
citation cone and alter the photon energy flux density 
along the optical axis. 

To evaluate an effect of the aperture on the pho- 
tobleaching in the x,z direction, we followed the pho- 
tobleaching in a homogeneously stained gel of  FITC- 

dextran. This sample shows clear and stable photo- 
bleaching because no redistribution of the ftuorochrome 
due to diffusion occurs. We took an image of the gel at 
a depth of about 25 ~tm below the surface with a zoom 
of 4. The photobleaching was induced by scanning at 
high intensity for about 1 min. ARer this experiment, the 
zoom was reduced to 1 and a single x,z image was re- 
corded through the bleached and the nonbleached part 
of the gel. Figure 1 gives the x,z profiles along the z axis 
obtained with a single objective with an adaptable nu- 
merical aperture. It is shown in Fig. 1 that differential 
bleaching occurs along the z axis and that this is more 
pronounced at NA = 1.3 than at NA = 0.8. This means 
that higher photon flux densities induce faster photodes- 
truction. As the photobleaching along the z axis is de- 
pendent of the photon energy flux density, a simple 
zero-order relationship cannot describe photobleaching 
or photodestruction. 

Photobleaching of Biological Samples 

If we like to use photobleaching rates to evaluate 
the chemical environment of the fluorochrome, it is es- 
sential to have a homogeneous excitation. A homoge- 
neous fluorescence does not necessarily guarantee a 
homogeneous excitation. If refractive index differences 
are present, they will cause lens-like effects and can in- 
duce differences in excitation energy at the object level. 
These changed excitation intensities will induce differ- 
ential photobleaching but are not always detected as het- 
erogeneous fluorescence emission. Indeed, with 
conventional epifluorescence the emission rays follow 
the same path as the excitation rays, and if the excitation 
rays are diverged or converged by lens-like effects of 
overlaid refractive structures, causing local variations of 
the excitation energy, the emitted light is propagated ex- 
actly in the inverse way. Thus the increased or reduced 
local excitation can be annihilated by a decreased or in- 
creased recorded emission. 

Phase-contrast images are the result of differences 
in refractive index within the biological samples. Ifpho- 
tobleaching rates are caused by differential excitation of 
the objects, which in its turn is due to differences in the 
refractive index of the object or the mounting medium, 
we expect an analogy between photobleaching rates and 
phase-contrast differences. To test this hypothesis we es- 
timated photobleaching rates for every pixel in a stack 
of  images obtained by scanning an object at a single 
focal plane for consecutive times. Photobleaching rates 
were obtained by fitting a linear regression (Y = bX + 

a) with least-squares methods between the gray level (I0 
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Fig. 1. Fluorescence intensity profile along the z axis of a gel bleached 
at focus level 0. Fine lines, profile through the nonbleaehed part of 
the gel: thick line, profile through the bleached part. (A) Using the 
objective lens with numerical aperture at 0.8 and (B) at 1.3. Objective 
NIKON Fluor 40, NA 0.8-1.3. 

at the point x,y and the sequence number (At) of the im- 
age. Photobleaching rates were calculated for different 
dyes and objects recorded under different conditions and 
a calculated image of  the photobleaching rate was di- 
rectly compared with a differential interference phase- 
contrast image. 

Having calculated the regression of fluorescence (Y) 
versus sequence (X), we can also calculate an image a, 
the intersection with the vertical axis for the linear re- 
gression Y = bX + a, that represents the fluorescence 
intensity at sequence 0 (X = 0). This should resemble 
the first fluorescent image recorded from the stack. In a 
similar way we eoustructed an image representing the 
regression b, which corresponds with the bleaching rate 
for every pixel (x~v) in the time sequence X. Finally, we 
calculate an image representing the correlation coeffi- 
cients for every pixel. I f  a decrease in Y (fluorescence 
intensity) is correlated with an increase in X (time), r < 
0; r '~ 0 if  the fluorescence intensity does not change 
significantly with time; and r > 0 if fluorescence inten- 

Fig. 2. Calculated images of propidiumiodide-stained cells (SKBR3 
cells) compared to the DIC images. (A) Calculated image from the 
intersection with the y axis; (B) correlation image; (C) calculated re- 
gression of th9 linear fit as an estimate of the bleaching rate; (D) DIC 
image. 

sity increases as a function of time. In Fig. 2, the cor- 
relation image represents a gray scale where black 
corresponds to - 1  and white to +0.87. If  r ~ 0 for a 
pixel, it is represented as gray. This is the ease for the 
background where no fluorescence is present. The cor- 
relation image thus shows the significance of the bleach- 
ing rate image (Fig. 2, "regression image"). 

A set of  different calculated regression or bleaching 
rate images was obtained in this way and clearly shows 
a relation with the DIC image (Fig. 2). Some structures 
observed in these calculated images clearly show an in- 
creased contrast at the edge of the object as common in 
DIC images. Two photobleaching rate images of one 
object, recorded at two emission wavelengths (Fig. 3), 
show analogous results. If  bright fluorescent objects are 
visualized, a pronounced contrast is seen at the edge of 
these objects. Figure 4 represents such a case of cells 
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expressing a specific antigen on their surface and show- 
ing a typical capping phenomenon. The brightly stained 
cap shows a pronounced photobleaching which deline- 
ates the fluorescence cap or the cellular membrane. 

DISCUSSION 

Fig. 3. Images obtained from Feulgen-stained paraffin sections of seed 
of pea (Pisum sativum). Left, red Feulgen-pararosaniline fluorescence 
of nucleus; right, green autofluorescence recognized as background. 
(A) The original fluorescent image. (B) The calculated regression for 
the x,y pixels after bleaching the object for 3 min and 10 s. 

Fig. 4. Images obtained from virus-infected cells showing capping of 
the antigen at the cell surface. Left, the fluorescence image; right, the 
photobleaching rate image. 

We showed in this paper that photobleaching or 
photodestruction of a fluorochrome in a confocal scan- 
ning laser microscope is dependent on the photon energy 
flux density and is heterogeneous due to differences in 
refractive index caused by lens-like effects of the mount- 
ing medium or the cytoplasm. Homogeneously stained 
gels of FITC-labeled dextran show a differential photo- 
bleaching along the optical axis, which is influenced by 
the numerical aperture of the objective. These effects are 
seen under prolonged irradiation ( + 1 min) and therefore 
will not be seen if redistribution of  the fluorochrome 
occurs during photobleaching. Small molecules, e.g., 
propidiumiodide, cannot be seen by these methods un- 
less they are immobilized by absorption to large mole- 
cules, e.g., nucleic acids. 

Photobleaching rates calculated for the pixels in im- 
ages of biological samples (Figs. 2--4) show a pro- 
nounced variation which could be due to heterogeneous 
excitation. It is hypothesized that this heterogeneous ex- 
citation originates from a lens-like effect of the mount- 
ing medium around the cells or the fluorescent objects. 
This hypothesis is supported by the fact that the photo- 
bleaching rate image shows similarities with a differ- 
ential interference contrast image. If photobleaching is 
accompanied by chemical reactions with nonfluorescent 
molecules, e.g., oxygen, we also can expect more pro- 
nounced bleaching at the border of the fluorescent object 
where a main zone of interaction between the fluoro- 
chrome and the oxygen will occur. At high fluorochrome 
concentrations therefore a differential bleaching not nee- 
essarily points to heterogeneity in the refractive index of 
the object. If  intermolecular interactions occur during 
photodegradation, concentration-dependent photobleach- 
ing will occur which cannot be described by simple first- 
order kinetics. It can be considered therefore to calculate 
more complex regressions and, in this way, differentiate 
the kind of molecules that are engaged in this higher- 
order reaction. 

Selective bleaching at the edge of the fluorescent 
objects was also reported by Brakenhoff et aL (9) but 
without mentioning a possible effect of  the refractive 
index. Careful examination of  the bleaching rate along 
the edges in some cases (Figs. 2 and 3) reveals a sys- 
tematic uneven distribution. Instability and a systematic 
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shift of the scanning system relative to the object could 
generate a similar phenomenon. Although this cannot be 
excluded for a single image, repetitive controls of the 
instrument do not show such a systematic error in scan- 
ning or a specific translation of the object perpendicular 
to the optical axis. A possible explanation for this phe- 
nomenon could be the incomplete symmetry of excita- 
tion and emission light path due to small differences in 
the orientation of the optical axis for excitation and 
emission. This can be induced by mechanical errors, an 
inappropriate alignment of the mirrors, and a small in- 
clination of the object table relative to the optical axis 
but also some systematic aberration induced by the cov- 
erslip on the object. 

It is known that mismatches of the refractive index 
of the mounting medium can affect resolution and dis- 
tance measurements in a confocal microscope.O~ J) Our 
results indicate that fairly small refractive index differ- 
ences create differential photobleaching that is caused 
by altered photon energy flux density. 
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